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The objective of this project is to describe the 
vapor-liquid and vapor-solid equilibria of nine binary 
systems• These systems were chosen for their chemical 
interest and the availability of experimental equilibrium data 
for comparison. In this work predictions were made for 
equilibrium compositions, fugacity coefficients, and equili­
brium ratios using a modified Redlich-Kwong equation of 
state. First of all, the Redlich-Kwong equation of state 
as modified by Chueh and Prausnltz (24) and Vogl et al., (34) 
was used to obtain necessary fugacity coefficients in the 
liquid and vapor phases ; secondly, the binary compositions 
(x,y) of the two phases and the equilibrium vaporization 
ratios = y^/x^ were calculated utilizing fugacity coeffi­
cients previously computed; thirdly, these K values were 
compared with the initial value in an iterative procedure 
to solve a system of linear and nonlinear equations until 
the absolute difference was less or equal to that of the 
preset convergence margin, then the results were printed and 
a new value of pressure was input until the upper limit was 
reached.
The computer program of this project expands the tempera­
ture range of previous work; some details are given in the 
Introduction and a better explanation in the sections "Algo­
rithm for the Calculation of Solld-Vapor and Liquld-Vapor
iv
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Equilibria”. The algorithm is divided into three main 
sections* the first studies the mixture behavior from a 
reduced temperature of 0.6 up to the critical point, in 
this case the Redlich-Kwong equation is applied twice to 
calculate the volume and fugacity coefficients for each 
phase. Also a deviation function is included, above the 
pseudo critical point of the mixture, for comparison with 
this modified Redlich-Kwong equation.
The second division deals with a range of temperatures 
far from the critical point and above the triple point of the 
solvent. The liquid phase is considered almost pure and 
the equilibrium composition of the solvent in the vapor phase 
is obtained from its fugacity coefficient at saturation, the 
Poyntlng correction term, its vapor pressure and fugacity 
coefficient for the vapor phase. Again the modified Redlich- 
Kwong equation is applied for calculation of 0 fs, the calcu­
lation of the Poyntlng term involves the knowledge of the 
partial molar volume in the liquid phase which was determined 
by application of the Chueh and Prausnltz equation (24). The 
equilibrium composition of the solute for the liquid phase 
was obtained from the fugacity coefficients given previously 
by the Redlich-Kwong equation. These compositions allowed the 
calculation of the K ratio.
The third division refers to the Solid-Vapor Equilibria 
for temperature ranges below the triple point of the solvent.
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IIn this case the condensed phase was assumed pure, the sol-
l
vent vaipor composition was determined from the enhancement 
factor and all the vapor fugacity coefficients were obtained 
at the vapor pressure of the heaviest component, using the 
Relich-Kwong equation.
The use of the Redlich-Kwong equation for mixtures at 
any temperature level requires the preliminary calculation 
of the two terms a, and b for the mixture as well as the 
interaction parametersi a^» Tcl2» ^clZ9 ^cl29 k12» for non­
quantum gases and the effective parameters for quantum 
components. '
The results of this work show an improvement over the 
original Redlich-Kwong equation of state in the prediction of 
equilibria of the following systemsi carbon dioxide and n- 
butane at 444.3 K, neon-krypton at 140 K,, argon-methane at 
123.3K and 164 K, carbon monoxide-argon at 123.4K, oxygen-carbon 
dioxide at 223.8 K, and carbon monoxide-methane at 123.4k. The 
results for the system methane-carbon dioxide are better 
than those calculated using the BWR equation with original 
mixing rules. For the system ethane-n heptane, the agreement 
is good at moderate to high pressures but only fair at 
low pressures.
A discrepancy is observed between the predicted and 
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The fundamental equation of phase equilibria establishes 
that for a given component in a mixture its fugacity at 
equilibrium must be the same in all the phases present.
This condition can be expressed in terms of fugacity coeffi­
cients, composition and pressure of the respective phase. 
Moreover, it is possible to obtain general expressions relating 
these fugacity coefficients with pressure, volume, temperature 
and composition of the system.
Many equations of state have been developed describing 
such interdependence, Tsonopoulos and Prausnltz,(33)• As was 
pointed out by Prausnltz and Chueh (24, p. 57)* “The entire 
problem of phase equilibria at any pressure could be com­
pletely solved if such equation of state were available."
Previous attempts to calculate phase equilibria using 
a modified Redlich-Kwong equation have been made by Zudkevitch 
and Joffe (36), Chao and Reader(3)» and Prausnltz and Chueh (24). 
Zudkevitch and Joffe use only the Redlich-Kwong parameters of 
pure saturated phases: f % ^ ) , and consider them as func­
tions of temperature. These parameters are obtained for each 
pure component from experimental data at saturation and the 
help of the Lyckman and Eckert equation for saturated vapor 
fugacity coefficients and general expressions of these coef­
ficients in terms of Redlich-Kwong equation. Once these 
fugacities are determined the K factor is evaluated as the
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ratio of the previously calculated coefficients.
Chao and Seader calculate the K factor from the fugacity 
coefficient of each pure component in the liquid phase 
the activity coefficient in the liquid phase (y), and the 
fugacity coefficient (0 ) of the component in the vapor mixture. 
The quantity (y6) is calculated from Curl and Pitzer correla­
tion (6), y is determined from Hildebrand, Prausnltz and 
Scott’s regular solution theory as explained in their book 
(15, pp. 5, 99, 108), and the coefficient 0 is obtained from 
the Redlich-Kwong equation letting-H-a and .fib be the original 
universal constants: 0.4278 and 0.086? respectively. In general 
the application of the Chao and Seader method is within a 
temperature range between 35? and 56OP, and pressures below 
1,100 psla.
The Chao and Seader procedure shows the same problem 
Involved in the original Redlich-Kwong equation, the univer­
sal constants produce unrealistic compressibility factor 
values.
Finally, Prausnltz and Chueh (24) evaluate the vapor 
phase as in the Chao and Seader procedure, but the J1 a and 
-fib for each pure component are obtained from the saturated 
liquid and vapor curves by fitting the Redlich-Kwong equation 
to the volumetric data and using one set of constants for 
the determination of fugacity coefficients in the vapor 
phase and another set for the liquid phase. The liquid phase 
activity coefficients are calculated from the dilated
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van Laar model. The Prausnltz and Chueh method has the 
disadvantage that It Introduces Inconsistencies into the 
Redlich-Kwong equation because with two sets of constants the 
boundary conditions t (à P/dV)^ = 0 and (d ̂ P/dV^)<pc = 0 are 
no longer maintained.
In this work a modified Redlich-Kwong equation of state, 
with only one set of constant XI i values was used for the 
calculation of the fugacity coefficient, 0 , of both the 
vapor and liquid phases. The Redlich-Kwong parameters were 
intended to represent the P, V, T relationship within the 
whole range of temperatures for both phases and they were 
evaluated by a numerical analysis method included in an 
algorithm requiring only the critical parameters of each pure 
component as input data. The results produced constants which 
modified the original Redlich-Kwong equation without violating 
the boundary conditions i (dP/aV),p0 = 0 and (a^P/aV^)^ - 0, 
Evaluation of the fugacity coefficients required a trial-and- 
error procedure which was carried out by the main computer 
program. The program starts with the critical properties of 
the pure components and the Redlich-Kwong constants, then 
evaluates mixture critical properties and the two parameters* 
amix, bmlx using the Prausnltz mixing rules (23, pp. 162, 496). 
The Redlich-Kwong equation is applied twice to the mixture, 
solving for the volumes and fugacity coefficients in both 
phases, and then, compositions and K ratios. However at 
reduced temperatures below 0.6 , the vapor solvent composition
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at equilibrium (yg) was obtained from calculation of the
i
Poyntlng term and fugacity coefficients In the vapor phase 
and at saturation. The liquid solvent composition (x^) was
evaluated in terms of the fugacity coefficients using the;
Redlich-Kwong equation, and finally the K ratio was calculated 
as mentioned before.
For the Solid-Vapor Equilibria the fugacities were 
calculated as usual, using the Redlich-Kwong equation for 
the vapor phase ; on the other hand, the solid phase was 
considered pure (xg = 1). The computer program expands the 
temperature range of previous work, with some of its features 
as set forth belowt
a. The range of temperatures was enlarged to include 
the prediction of the solid-vapor equilibrium.
b. The convergence was based on K ratios instead of 
fugacities at saturation for the calculation of n  a 
and n  b •
c. For comparison with the modification suggested by 
Gray et al (13), a deviation function was included.
d. Three main levels of temperature are studied with 
this programt near the critical point of the mix­
ture, above the melting point of the solvent and 
below this temperature.
e. Evaluations are primarily limited within the range 
of reduced temperatures between 0.4 and 1.3, and 
absolute pressures from 14 psi to 2000 psl for
nonpolar components.
Quantum and nonquantum gases are Included using 
classical critical constants and effective critical 
parameters for the latter.
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THEORY
In this section, the equations used in the computer pro­
gram are described. First of all, the equations for fugacity 
coefficients (0 ) in any phase are presented and then the 
Redlich-Kwong equation is discussed.
When the Redlich-Kwong equation is applied to a mixture, 
the introduction of “mixing rules11 is necessary. The rules 
proposed by Prausnltz (23) are used for the calculation of the 
mixture acentric factor (U l j ) , the critical parameters, 
the two Redlich-Kwong terms: a, b of the system, and both 
quantum and nonquantum relationships. The partial molar 
volume calculation is included as used in the computer program 
at reduced temperatures below 0.6.
Fugacity Coefficients for Mixtures and Pure Components
The two key equations for fugacity calculations are 
(Prausnltz (23), Balzhiser et al (1, p. 373))*
the first equation is used when an equation of state explicit 
in volume is available i.e. V = f(T,P,yj_)«
The latter equation is useful when it is possible to obtain
T,P,nj
(1)
and ■RT*- ™  dV - InZ (2)
Where 0^ = f ( t h e  fugacity coefficient) (3)
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an expression of the form P = f(TtV,y^) 
For a pure component :
?! = 1
and U X / ^ n l ^ p ^ j  = V ^
"Pthen
ln(f/P)pure i = filp
and ln(f/P)pure  ̂= i.
Vi - RT dP
c>P \ RT
^ T . V  ' V -
(4)
dV - Xnz (5)
Fugaoities and K Ratios of Pure Condensed Phases
In the study of the Solid-Vapor equilibria in order to 
calculate the fugacity of a pure condensed phase at given con­
ditions of temperature and pressure, we split the integral 
of the general equation (4) in two parts,
The first part gives the fugacity of the saturated 
vapor at T and Ps, and the second part gives the correction 
to the total pressure due to the compression of the condensed 
phase.










and replacing this equation in (6)
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fc s zP
RTln— ê—  = M i n,.— t—  + / lr1CdP - RTln-^s- 




tl° ■ r? 0‘ m l { W  (9)
Vand dividing by P0j_ we get the working equation
K £l_ 0rPCT (10)
1 ?  - f f
where 0^s = (fi /P)^ fugacity coefficient of the (11)
saturated vapor
*"1 K1 ■ (12)
this working equation can be used for the liquid phase 
replacing the superscript c by 1,
As has been shown, the calculation of the fugacity 
involves the corrections for the deviation of the saturated 
vapor from the ideal behavior 0 ,̂ and the correction for 
the compression of the liquid or solid at a pressure greater 
than which is indicated by the exponential form, called 
the Poyntlng correction.
The exponential term for the condensed or solid phase 
takes the following expression when applied at temperatures 
which are very different from the critical conditions.
Poynt Corr = exp i (p-p?)HT (13)
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| = vi (pure component)
where v® = volume of the condensed phase
P = total pressure
P® = saturation (vapor) pressure of component 1 
T = absolute temperature of the system.
In fact, the volume of a liquid or solid Is a function of T, 
P but at temperatures quite lower than critical, the phase 
may be considered Incompressible and the volume independent 
of P when used for prediction of solid-vapor equilibrium as 
Is done in this work.
Composition at Equilibrium and K Ratios
In the study of the Liquid-Vapor Equilibria it is 
possible to express compositions at equilibrium and K ratios 
in terms of fugacity coefficients as used in this work.
For systems far from the critical point the following rela­
tions can be used as indicated by Prausnltz (23, p. 170) and 
Balzhiser et al., (1, p. 21?, 371-375).
yl - (14)
= (1 - 0j/0j) / (0i/0l - 0j/0j) (15)
Ki " yj/xl = 01/*!
,L ? (16)
(V„/HT)dP (17)
dividing by x^ and substituting eq, (16) into (17)
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K. = f T _ 5 v « «  --,SL , ^ Dsvexp (V1 (P-P“ )/RT). (18)
Usually this equation is applied to the solvent for evaluation 
of its K ratio, and phase composition.
The Redlich-Kwong Equation of State
The Redlich-Kwong equation is very useful when applied 
to mixtures due to the relatively simple manner in which the 
binary interaction constants can be introduced into it.
The set of equations that correct the equation for mixtures 
are the so called mixing rules and have been developed prin­
cipally by Chueh and Prausnltz (23, 24, 25), as well as 
Redlich and Kwong (26).
In 1949» Redlich and Kwong (26) proposed their equation 
of state as
p = HT_________ a __ (19)
V-b T0.!y(T + b)
or ZH K = - £ - _____ § -------  (20)v-b b t 1.5(v + b)
where a = 0.42?8R2Tc2,5/Po (21)
b =0.086? RT0/P0 (22)
Furthermore Redlich and Kwong (26) established an algebraic 
function of the form
Z = Zr_k + AZ +/CAZ1 (23)
and AZ as f(T ,P ,to) reproduces the generalized compressibility
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factor of Pitzer tables and extends the tables to lower and
higher temperatures. AZ is called the deviation function, and
it has been calculated by Redlich and Dunlop (27), and Gray, 
Rent and Zudkevitch (13)• A correlation specially for Tr 
between 0.9 and 1.0 is given by Gray et al. (13)
regression.
This equation involves less constants than the Redlich- 
Dunlop (2?) correlation, and was designed so that it fits at 
or near the critical point. It fulfills the requirements 
of the Pitzer and Curl (22) correlation for the dependence of 
the second virial coefficient on GO and T * As mentioned
before this function is included for comparison close to the 
critical point.
Calculation of the Acentric Factor
The acentric factor,LU, is defined by Pitzer and 
Curl as t
AZ = D1T^ "exp /-?000(1-Tr)2 - 770(1.02 - Pr)
+ u( -0,464419 + 0,4245681^)
where the constants through were determined by linear
r
(25)
where P° = vapor pressure at T =■ 0.7 
P0 = critical pressure.
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In this work cû has been evaluated from this equation or 
taken from the data given by Prausnitz et al,,(25)•
Calculation of Alpha and Beta Coefficients in the Redlich- 
Kwong; Equation of State
There are four main techniques for the calculation of
the alpha, beta coefficients of the Redlich-Kwong equation
of state. The first is the classical method which relies on
the behavior of the critical isotherm on a P-V diagram
where the critical point has in inflection, and therefore
(# L  - 0
f^~§) = 0 (27)[âV /To
Partial differentiation of the Redlich-Kwong equation respect 
to volume and solution of its two terms $ a and b yields
jj2<p 2.5
ac = 0.4278 — -2--- (28)
c
RTand b = 0.0867 — 2.0 Pc (29)
This derivation has a major drawback $ that is, it states that 
S1& and JTlb are constants for all gases and equal to 0.4278 
and 0.0867 respectively (26), and when applied to calculate 
Zc,produces values of 0,333»
The second method (36) is a trial-and-error procedure 
which involves the knowledge of vapor pressure, liquid and
Ea-1683 13
and vapor densities at saturation, critical parameters and 
the temperature and pressure of the system.
The third method, due to Prausnitz (23,24) uses experi­
mental volumetric data taken for different conditions of 
temperature and pressure to determine the values for XI a and 
Xlb.
Prausnitz (23) represents XTb by the polynomial expression: 
jflb = 0.086? - 0.0125 CO + 0.011 to2 > (30)
and
XI a =
The method applied in this work is that of Vogl et al (34) 
and uses adjustable coefficients XIa and .fib for each compo­
nent.
Define A = Xla/Zc (32)
B = Xlb/Zc (33)
and introduce these definitions into Redlich-Kwong 
equation. With further differentiation and equating to 
zero at the critical point the following equation is 
obtained:
B3 + i- • B2 + <2-3Zq >. B + (2Zç-l) = 0 (24)
0 c zc
This equation, therefore, allows the calculation of B with
knowledge of only Zc and fulfills the constraint (<2P/9V) = 0-̂c
at the critical point.
The algorithm Alpha2.P4 (Appendix 1) has been written
pcvo (^c * 
(HT„)2 (3D
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based on this derivation and allows the calculation of the 
Redlich-Kwong constants as an input for the main program.
The Redlich-Kwong a and b Parameters for Mixtures
For a binary mixture the two parameters, a and b, are 
defined as follows.
For the liquid phase substitute x for y •
Mixing Rules for Mixtures of Nonquantum Gases
The Interaction coefficient a ^  can be calculated by
-Ji yiyjaij = yiai + + yla2 (35)




where Tcl2 = (Tol • To2)°-5(l-k12) (38)
pel2 = Zol2 • RTo12 (39)
and (40)
liquid phase;
Vol2 = <Vcl + Vc2)/2 When Vcl/Vc2 ^ 3 (42)
applies to the vapor phase
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Mixing Rules for Quantum Gases
For quantum gases the following critical parameters 
and mixing rules (24) are used.
The Effective Critical Temperature
T°T = Q (^3)
° 1 + U1
mT
where Tc =. effective critical temperature
T° = classical critical temperature
C1 = 21.8 K
m = molecular weight
T = system temperature.
The Effective Critical Pressure
o
foPo = 1 + £2_ (44)
m*T
where = classical critical pressure 
C2 = 44.2 K 
m = molecular weight 
T = absolute system temperature.
The Interaction Temperature of the System
' I 2' (45.i + £ i _m12T
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where T°., T°0 = classical critical temperatures cl cZ
= Interaction constant 
m12 “ + ^^mz) effective molecular
weight of the mixture (46)
The Interaction Pressure of the System
^12 * Z°12 ^ 2  ' <*7)
where ^cl2 Classical (48) critical volume 
of the mixture
7° - 0 ?Qi - o qp/ĉ I 2 ) Classical com- (49)c!2 ~ V 2 / presslbility
factor of the 
mixture
V° = 0.291 HTg/P° classical critical volume (50)
for quantum gas
= classical critical temperature
=- classical critical pressure.
The Effective Critical Volume
Vg
V- =  Tp- v c = 9.91° K (5D
i + CJ L \  3\m*T/
The Effective Interaction Critical Pressure of the Mixture
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The classical critical values are considered as boundary 
conditions of the effective ones, and become equal in 
the limit of high temperature.
Determination of k1 ?
The binary constant represents the deviation from 
the geometric mean for It is a constant which charac­
terizes the 1-j interaction, specially useful to correct the 
interaction critical temperature of the mixture, T^^^, when 
the ionization potential of the components are not equal and 
has an absolute value smaller than unity. It is usually 
considered as independent of temperature and density.
The equation used in the computer program is that 
empirical correlation proposed by Duncan and Elza (9)•
k12 = 0.1? (Xi - I2)°*5ln I1/I2 (53)
Partial Molar Volume
This concept is introduced for further calculation of 
the Poynting term when dealing with the liquid-vapor equili­
bria at temperatures far from the critical point.
The partial molar volume of component j in a mixture of 
m components, is defined by*
J (l=k) (54)
This equation can be rewritten as
EB-1683 18
Vj m V ^ / T . V , ^
(all 1) (55)
where
v as partial molar volume 
V = total volume of the mixture 
= moles of components, except j
By differentiating the Redlich-Kwong equation (19) as 
indicated by eq (5^) the following equation is obtained;
1 + - 2|| ziaijj“ abj/(7 + b)
v _ ________ V b v(v + b)TS (56)
,BT _ _ a ~2v + b ~
(v-b)^ Tè v2(v+b)2
When the saturated liquid molar volume of the mixture 
is known and inserted into the equation (56) the partial 
molar volume of the component at saturation can be deter­
mined for further evaluation of the Poynting term.
As indicated by Prausnitz (24, p. 67) fig. 1, the 
partial molar volume often approaches a fixed value when 
calculated at low temperatures and compositions of the 
lighter component.
Under these conditions the partial molar volume can be 
considered as a constant and utilized in eq (13) to solve the 
Poynting term and later to calculate the composition of the 
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used in the computer program.
Fugaclty Coefficient for a Pure Component Derived from the 
Redlich-Kwong Equation of State
In the solid-vapor equilibria the condensed phase is
considered pure, and the fugacity coefficient is given byi
^  -  H  -  1 ♦ l n  Ï T & T  -  s f e ;  •
or the equivalent t
Fugacity Coefficient for Mixtures with Redlich-Kwong Equation 
of State for the Llquld-Vapor Equilibria
It is shown (23, 24) that taking the partial derivative 
of P in eq. (19) respect to n% with T, V, nj as constants 
and placing this expression into (2), we obtain for component 
j in a mixture of m components, the equation:
m
,yiaij / , \
(59)
/ \ ^ e y<aii / 'W ,  = In/lX-U bj-----1=1_ — t . t^/v + bIv-bV v-b --,1.5 \v~~yj Bl­
ab,
RTle5b2
- In PyHT (60)
Where j = component whose fugacity coefficient has to be 
solved
v = molar volume of the mixture
ER-1683
a, b = constants given by the mixing rules
w h e r e ^  *iaij = Yi aij + Y2 a2j * Y3a3J + Ymam
and for binary mixtures 
For. component j = 2 
2
iil Ylalj = Yla12 + Y2a22
For component j = 1 
2
iSl Ylalj = Ylall 41 Y2a21 
with a2i = a^2
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I
iALGORITHM FOR THE CALCULATION OF LIQUID-VAPOR AND 
SOLID-VAPOR EQUILIBRIA
Description of the Algorithm
In general, the main algorithm designed to calculate 
the fugacity coefficients and the phase compositions has the 
following characteristicsi
a. The Prausnltz-Chueh equation (248 p, fA) is used 
for reduced temperatures below O.56 for calculation 
of the saturated liquid volume of the mixture, the 
Poynting term, and vapor composition at equilibrium,
b. The calculation of the solid-vapor equilibrium is 
Included to extend the scope of Initial frameworks,
c. Quantum gases can be included for study with this 
program•
d. The vapor pressure of the solvent is calculated with 
the correlation of Riedel (30) and the fugacity at 
saturation is found with the Redlich-Kwong equation.
The technique used to calculate the fugacity coefficients 
in the vapor phase is similar to that of Chao and Seader (3) 
but for the liquid phase, the application of the Hildebrand 
(15) equation to calculate activity coefficients is not 
utilized? instead, fugacities in the liquid phase are evalua­
ted,
A comparison with the Zudkevitch and Joffe (36) scheme 
shows the following characteristics 1
a. The solvent molar fraction Is the initial assumption
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in this project. They select the XI b constant 
coefficients of the Redlich-Kwong^ equation as the 
input assumption.
b. The set of Redlich-Kwong coefficients used by 
Zudkevitch and Joffe are functions of temperature; 
in this work these parameters are kept as constants.
c. The Redlich-Kwong coefficients considered in this
project are those that produce a realistic Z
value, between 0.26 and 0.29#
d. The comparison between the fugacity coefficients 
for the pure saturated liquid calculated through eq 
(57)» and the equation of Lyckman, Eckert and 
Prausnitz (19, P# 685) for pure saturated vapors, is 
bypassed. These coefficients are calculated straight 
forward from eqs (57) and (59)#
A PDP-10 computer, manufactured by the Digital Equipment 
Corporation, was used in the execution of this program. The 
average computer time used by this algorithm is twenty seconds, 
and ten seconds when it is saved under the extension RED.
Input Data
The basic input data are*
Absolute temperature of the system, K.
Pressure of the system, as a lower limit, atm.
Absolute critical temperature Tc, K .
Critical pressure Pc, atm.
Critical volume Vc, cc/mole.
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Assumed condensed mole fraction, x.
Assumed vapor mole fraction, y •
Redlich-Kwong numerical constants,-fla and flp 
The code 1 and the molecular weights of the components 
are input when any of them is a quantum gas• The code 0 is 
entered when all the components are non-quantum gases• The 
codes 2 and 3 represent nonquantum and quantum gases to "be 
studied with the deviation function, respectively. If the 
system temperature is less or equal to the solvent melting 
point the values of the solid volume and the solvent melting 
temperature must be input.
P and T are the selected variables. The K ratio is 
defined as: K = y/x. A value for is assumed or taken from 
experimental data and put into Raoult's law to establish 
initial values of composition and K ratio. Since for a sys­
tem at equilibrium the fugacities of any phase are identical,
yi = xi (64)
If the system of equations for a binary solution is solved
2 2 for x<, with the observation that r.y, = 1,and r.x, = 1,* 1=1 i l=l i
another expression for x^ in terms of fugacity coefficients 
is obtained.
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The Redlich-Kwong equation Is used to solve the fugacity 
coefficients in terms of P, T, and composition of the phase• 
The ratio between eqs (64) and (65) produces again, a 
value for K. This result is compared with the initial assump­
tion until the difference is less or equal to that of the 
convergence margin, and then the results are printed.
Partial molar volumes, enhancement factors, Poynting 
corrections, vapor pressures, fugacities at saturation and 
at the system pressure for the vapor and condensed phases, 
volatility ratios, volume and compressibility factors, as 
well as composition of each phase may be calculated by using 
this algorithm.
The pressure step and an upper limit for the pressure 
are also necessary. The latter stops the iteration process.
Non-converging values can be checked by introducing a 
counter of the form M = M + 1, with a maximum value of M 
preset at the beginning. The counter can be Introduced in 
the outer loop, between statements 160 and 1160. See fig. 2. 
The interaction coefficient ( k ^ ) , is calculated according to 
the Hiza-Duncan (16) procedure, eq (53)• The acentric 
factor ((C) , is given by eq (20), or taken from the compila­
tion of Prausnitz and Chueh (24, pp 19» 65 and 25» App B-l). 
The alpha and beta coefficients are calculated by the algo­
rithm: Alpha 2, P4.
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Calculation of the Redlich-Kwong Constants a and b for 
Nonquantum Gases
These quantities are derived from the critical parameters
and the alpha and beta Redlich-Kwong constants, according to
eqs (32) and (33)? however, instead of the original values:
0.4278 and O.O867» these are replaced by those calculated
through eqs- (32) and (34). *CP: 160-207.
Calculation of Interaction Critical Properties for Non­
quantum Gases
The interaction critical parameters between two different 
molecules, are calculated by eqs (37) - (42) from Prausnitz 
(24). CP: 214-257
Calculation of the Redlich-Kwong: Constants a and b for Quantum 
Gases
As a preliminary step, the effective critical parameters: 
Tce and Pce are calculated by eqs (43) and (44); then, a 
and b are solved through eqs (28) and (29)• CP: 366-455.
These effective critical constants made the properties of 
quantum gases coincide with those for classical ones.
Calculation of Interaction Critical Properties for 
Quantum Gases
Zcl2 and- vcl2 are a&ain calculated by eqs (40) and (41); 
T c 12 an(i ^cl2 are &iven by eqs (45) and (52) respectively, 
introducing the concept of classical critical parameters.
*CP: Computer program counter position, Appendix 2.
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/
The effective molecular weight due to the interaction of 
different molecules, is solved through eq (46). CP: 301-356.
Calculation of the Interaction Acentric Factor,W12
In this project, it has been taken as the arithmetic 
mean (29); however, other investigators (14,24) consider a 
relation between the acentric factor and the composition 
of the phase. In this case Kay's (17) rule might be used.
CP: 512.
Calculation of the Interaction Coefficient, a ^
The mixing rule as indicated by eq (37) is used; this 
is a very important relation because even slight changes in 
its value have a large effect on the calculated fugacity 
coefficients.
Calculation of the Solvent Vapor Pressure
The general correlation obtained by Riedel (30), as 
pointed out by Reid and Sherwood (28), is used to calculate the 
vapor pressure for the heaviest component. This equation 
presents the vapor pressure as a function of the reduced 
temperature and the acentric factor so that at Tr = 0.7 becomes 
consistent with the definition of 60 given by Pitzer and Curl 
(22) : CO as -l-log10(Po/Pc)Tr _ 0.7
Calculation of the Pseudocrltical Properties of the Mixture
These functions are evaluated assuming a quadratic
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dependence on the volumetric mole fraction for the critical 
temperature of the mixture, Christiansen (4), and a mole 
fraction relationship for the critical volume. The critical 
pressure is derived from the Redlich-Kwong equation. These 
properties enable the calculation of the liquid mixture volume 
and the partial molal volume of the condensed phase•
Calculation of the Compressibility Factor Correction
As mentioned before, the equation developed by Gray, 
et al (13) is included through eq (24), for comparison with 
this work. CPi 1405-1522.
Calculation of Fugacity Coefficients
First, the Redlich-Kwong equation is solved using 
Cardan's algebraic solution of the cubic equation. CPt 2042- 
2142; 2601-2674; 3602 and subroutine CUBE.
In this part of the program there is a separation into 
three branches ; the first two calculate the vapor-liquid 
equilibrium. The first division is for system temperatures 
above reduced temperature of 0,6. In this case, the Redlich- 
Kwong equation is applied twice, once in each phase, and two 
kinds of solutions are produced* the first involves one real 
and two imaginary roots, In such case, only the real root 
is calculated for each phase, CPt 1645 and 2377e The 
second solution yields three real roots ; the largest root 
is selected for the vapor phase and the smallest for the 
liquid phase. Once the volume of the mixture has been
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determined, the compressibility factor can be solved by 
direct application of its definition. The preliminary cal­
culation for Amlx, Bmlx, Zmlx, Vmix, and the mole fraction 
enable the determination of the fugacity coefficient for 
the vapor phase. It is calculated according to eq (59)•
The same equations are used to calculate the fugacity coef­
ficient of the liquid phase; however, x is substituted for y .
For temperatures around the critical point of the com­
ponents the procedure can be used alternatively by correcting 
the compressibility factor in both phases, according to eq 
(24), and using the original Redlich-Kwong constants.
The second division is for system temperatures below 
reduced temperatures of 0.6, The fugacity coefficients for 
the vapor phase are calculated by the same procedure men­
tioned before ; however, in the liquid phase they are deter­
mined with a different approach.
Some preliminary calculations are necessary*
1. The saturated liquid volume of the mixture is
calculated as indicated by Prausnitz and 
Chueh (24). CP* 3035.
2. The partial molar volumes of the components are
solved through eq (56). CP* 30?1.
3. The Poynting correction term is given by eq
(13). CP* 3255.
4. The fugacity coefficients at saturation are 
determined by means of the Redlich-Kwong
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equation, as suggested by Zudkevitch and 
Joffe (36); the vapor pressure and tempera- 
ture of the system are the parameters.
Finally, the K ratio for each component, at 
the Input conditions, Is calculated from eq 
(18).
Calculation of the K ratios
The K equilibrium ratio of any component in the mixture 
by definition is the quotients y/x. K values are calculated 
according to eqs (64) and (65)t above 0.6 Tr and (18) when 
the mixture Is far from Its critical point.
Convergence
A value for the vaporization ratio is calculated (BK) and 
compared with that formed by the assumed quantity (AK). When 
the absolute value of this relative difference is less or 
equal to a convergence margin of 0.0001, the results are 
printed; otherwise, the assumptions are reset and iteration 
starts over. The same convergence criterion is applied to 
all four temperature levels. CP: 3712.
Calculation of the Solid-Vapor Equilibrium
This is the third part of the algorithm, where the 
temperature of the system is less than the melting point of 
the solvent.
The fugacity coefficients for the vapor phase are
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obtained as usual, through the application of the Redlich-Kwong
i
equation of state to that phase; however, the condensed 
phase is considered almost pure, and a different procedure is 
followed as is indicated below:
le Input of a value for the solid mole fraction of the 
solvent, x2 = 1•
2. Determination of the compressibility factor for the 
condensed component at saturation, and considered 
as pure. CPs 3313*
3* Calculation of the saturated vapor fugacity coeffi­
cient for the solvent, according to eq (58). CPs 3602.
4. Calculation of the Poynting correction term, eq (13).
CPs 3655*
5. Determination of the enhancement factor, defined as 
the product between the fugacity coefficient at 
saturation and the Poynting correction term, divided 
by the fugacity coefficient of the solvent in the 
vapor phase. CPs 366?
6. Evaluation of the vapor composition of the con­
densed phase in terms of its vapor pressure, the 
enhancement factor and the pressure of the system.
CPs 3673.
7* The solid mole fraction is assumed to be unity, the 





The interaction of carbon dioxide and n-butane was 
studied under the following conditions:
Classification: non-quantum components
Pressure range : 0-3200 psia
Temperature: 3^0 F










Attraction coefficient, a 
atm. K^*^(cc/mole)^
Limiting volume, b 
cc/mole 





























Initial mole fraction 
= 0.15 
J1 = 0.30 
Interaction coefficient, 0.18.
The fugacity coefficients calculated with this algorithm 
are shown on fig 3» the K values, and compositions are 
presented in Appendix III.
The argon-methane system was studied at the following 
conditions :
Classification; nonquantum components 
Pressure range; 3-60 atm 
Temperature ; 123.4 K
Solute; argon 
Solvent 1 methane


















Carbon dioxide/ n-butane at 3^0°F
FROM VOLUMETRIC DATA OF 
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atm. K0,5(cc/mole) .16145x108 .30359x108
Limiting Volume, b 
cc/mole 21.4198 28.559











Initial assumptions t 
x1 = 0.3 
= 0.7
Interaction coefficient, 0.0298
The phase composition is indicated on fig 4; the fugacity 
coefficients as well as the K ratios are given in the 
Appendix. They are compared with the experimental data of 
Christiansen (4).
Case 3
The same components (argon and methane) were studied at 
the temperature : 137*1 K . In this case, the solute is 
closer to its critical point. The input data was similar to 
the case 2, except the low pressure limit, which was changed 
to 6 atm. The value of was kept as a constant.
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The interaction critical parameters are also the same ; 
however, the phase composition is different, as Indicated 
on fig. 4 and the Appendix III.
Cases 4 and 5
Cases 4 and 4 were also argon + methane but at temperatures 
of 164,0 K and 178.0 K , respectively.
Case 6
In the system carbon monoxide-argon, the former was con­
sidered the solute because of its lower critical temperature. 
Classification: nonquantum components
Temperature : 123.4 &
Solute : carbon-monoxide
Solvent : argon



















X1 = 0.3 
= 0.7
Interaction coefficient, - 0.0235
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The results are shown on figure 5 and the Appendix III,
!
Besides, the following Information was obtained;














Carbon monoxide-argon was studied at a temperature of 
137"! K, near the critical point of carbon monoxide.
Case 8
The system ethane + n-heptane was studied at 422.09 K 
and compared with the experimental data of Metha and Thodos, 
as mentioned by Prausnitz (23, P 409).
Classification; nonquantum components 
Solute; ethane 
Solvent ; n-heptane
Critical Properties Solute Solvent
To, K 305.4 540.2
Pc, atm 48.2 27.0































0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8 i.O
• Fig 6
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Acentric factori 0,105 0,349
R-K constants
jXa (calculated) 0.416934 0.405855




Interaction coefficient, = 0.0464
The phase composition for ethane is described on fig 6 and
Appendix III. Other results are s
i / 0.941x10® atm
a2‘ 5.960x108









The system oxygen-carbon dioxide was studied at 223.8 K 












XL a (calculated) 
rtg
Attraction coefficient, a 
atm. K^*^(cc/mole)^ 
Limiting volume $ b 
cc/mole 


































Interaction coefficient, k-„• 0.0283
Besides these results, the phase distribution based on
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Methane-Carbon dioxide at-65 F
I
O  Donnelly and Katz 
—  - 3 W R  equation with M(j = 1-3 •
equation with original__
mixing rule ( M jj= 2-OJ 








0 100 80-2 0-6
Mole fraction methane 
(Ind. Eng. Chem. 46, 511, 195*0
Fig 8
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oxygen ils given on fig ? and details in the Appendix III.
Case 10
The methane-carbon dioxide system was studied at -65 F 
and compared with the experimental data of Donnelly and Katz 
(7)» as well as the values obtained through the BWR equation. 
In addition to the results shown in fig 8 and in the Appendix 
III, the following values were obtained.
Classification: nonquantum components
Pressure range : 0-1000 psia.
Temperature : 219*3 K
Solute: methane

















atm K ° ' ^ ( c c / m o l e .305x10 
Limiting volumes, b
cc/mole 28.27?




















Interaction coefficient, = 0,00306
Case 11
The system carbon monoxide-methane was studied at 123.4 K, 
and a range of pressures between 2 atm and 40 atm, in order to 
compare these results with the experimental values obtained 
by Christiansen, Predenslud, and Mollerup (4). The results 
are shown on fig. 9 and Appendix III.
Classification; nonquantum components 
Solute; carbon monoxide 
Solvent; methane































To 12‘ 158.86 K
Pci 2' 39*188 atm
Case 12
Case 12 involves the same components at 137.1 K; the 
results are given in fig, 10 and show the variation of the 
CO mole fraction with a change in pressure.
Case 13
The system neon-krypton was studied at 140 K. These 
results were compared to those obtained through the use of 
a Redlich-Kwong equation which did not provide a modification 
to calculate quantum gases.
A comparison with experimental data (21) is also shown 



















-—  Toyama, et al. 
o this project
A  experimental Christiansen, Fredenslund,. Mollerup
173.0
0.2 0 4
Mcie fra c tion  CO-X.
Cryogenics. July 1973». pA05
Fig
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Classification* Quantum-nonquanturn Interaction 
Pressure range * 9-100 atm.
Temperature* 140 K 
Solute* neon 







. f t a (calculated) 
jie
Attraction coefficient, a'



































o RK eq. vithouth effective- critical, values 
A experimental data. Miller, Kldnay and Hlza 
X this project •
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Y1 = 0.2 
Interaction coefficient 1 0.202
Case 14
The system nitrogen-carbon dioxide was studied at 170 K, 
and compared to the Gibbons and Kuebler (33* P« 315) calcu­
lation and experimental data as shown on fig. 11. 
Classification: nonquantum components









X I a  (calculated)
H P
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There is very close agreement between experimental 
values and those calculated in this project for the system 
carbon dioxide/n-butane as indicated by figure 3*
When the procedure is applied at different temperatures, 
a discrepancy appears around the critical point as seen on 
figure 4.
The results for argon-carbon monoxide coincide with 
experimental data at the temperatures of 123.4 and 137 e1 K and 
absolute pressures from 15,to 38 atm.
For the system ethane-n heptane the accuracy is better 
for moderate and higher pressures, coinciding with Prausnitz 
and Chueh (23) observations.
The fitting of the vapor curve for the system oxygen- 
carbon dioxide at 223.8 K and pressures from 11 to 140 atm 
agrees with experimental results. However, the representa­
tion of the liquid phase shows an inconsistency as given 
by figure 7.
The results for the system methane-carbon dioxide at 
219*3 K and pressures from 13 to 100 atm present the same 
accuracy when they try to describe the liquid phase curve. 
However, these values are better than those calculated by 
using the BWR equation with original mixing rule, as indi­
cated on figure 8.
For the system neon-krypton at 140 K and pressures from 
10 to 110 atm, the experimental data is quite well reproduced
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when the concepts of effective critical temperature and 
effective critical pressure are introduced according to 
Prausnitz (24), Appendix III and figure 9*
The calculations of fugacity coefficients as determined 
in this project are more accurate than those calculated by 
the Lewis fugacity rule.
The use of the two term equation of state to represent 
the behavior of the liquid and vapor phases is useful to 
predict values when applied to the system carbon monoxide- 
methane in the range 120-140 K and pressures from 2.5 to 
38 atm.
For the system nitrogen-carbon dioxide at 1?0 K, the 
results Improve those presented by Gibbons and Kuebler in 
the range 50-100 atm.
The phase composition and fugacity coefficients show a 
strong dependence on the interaction parameter (k^) » as 
well as the alpha beta coefficients (/la» Up)#
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| APPEKDXX X
!Algorithm for the Determination of Alpha-beta Coefficients 
of the Redlich-Kwong Equation by Application 
of the liewton-Rapson Method 
Carnahan et al (2) and Vogl et al (3^)
The results obtained by means of this algorithm are 
used as input data of the main program.
The equation utilized to calculate the coefficients is
B3 , £  ♦ . H s d  . o (66)
0 zc zc
or F (B) = B5 + C.B + c2b; + c3 (6?)
I
where to are the constants of the previous equation.
B is defined by eqs (60) and (68)
Basis of the methodi
Bo = Ba " f^fsT (68)
F'(B) = B2 + G1B + C2 (69)
then B = Ba - b3 ^ .^l3 * Ggf.,t ^3 (70)
° B2 + CiB + C2
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1 - lighter component, TCI < TC2
2 - heavier component, solvent.
B - gas constant
T - absolute temperature, K.
LCODE - switch for the selection between a quantum and 
nonquantum gas.
CK12 - interaction coefficient due to the attraction-
irepulsion forces, k12 
ALPHA - numerical constant in the Bedlich«Kwong equation,-H a 
BETA - numerical constant in the Redlich-Kwong equation, XI p 
A^ - attraction coefficient, between alike molecules, a 
- limiting volume, b 
T0 - critical temperature, K
PC - critical pressure, atm
VC - critical volume, cc/gmole
W - acentric factor
FM - molecular weight
P - Pressure, lower limit, atm
ZC - critical compressibility factor 
ZC12 - interactive critical compressibility factor 
VC^2 - interactive critical volume 
TC^2 “ Interactive critical temperature
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P C - interactive critical pressure 
TR - reduced temperature
PR - reduced pressure
FM^2 - molecular weight for quantum gas mixture
TCE - effective critical temperature
PCE - effective critical pressure
DELP - pressure step
X - condensed molar fraction
Y - vapor molar fraction
PLIMIT - upper limit
VS0L2 - solid volume cc/gm
TMT2 - melting temperature
W^2 - interactive acentric factor
RD - constants in the deviation function equation 
A12 - attraction coefficient between two different kinds
of molecules 
P0 - vapor pressure of component 1
P02 - vapor pressure of component 2
PIV . - fugacity coefficient of component 1 in the vapor phase
P2V - fugacity coefficient of component 2 in the vapor phase
VCMIX - mixture critical volume
TGMIX - critical temperature of the mixture 
TRMIX - reduced critical temperature of the mixture 
AMIX - attraction coefficient for the molecules in the
mixture
BMIX - limiting volume for the molecules in the mixture
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PRMIX - reduced pressure of the mixture
PC MIX - critical pressure of the mixture
P0MS - vapor pressure of the mixture
ZDF - deviation function
VMIX - mixture volume
ZMIX - mixture compressibility factor
PIC - fugacity of component 1 in the condensed phase
P2C - fugacity of component 2 in the liquid or condensed phase
PISV - vapor fugacity coefficient of component 1 at saturation
P2SV - vapor fugacity coefficient of component 2 at saturation
P1SL - liquid fugacity coefficient of component 1 at saturation
P2SL - liquid fugacity coefficient of component 2 at saturation
ZMISL - compressibility factor for the liquid mixture
X1C - calculated liquid mole fraction of component 1
Y1C - calculated vapor mole fraction of component 1
VBMIXL - reduced saturated liquid volume of the mixture
PM0LV1 - partial molar volume of component 1
PMOLV2 — partial molar volume of component 2
POY1 - Poynting correction factor
VSOL - volume of the solid considered as pure, cc/g
AK - volatility ratio assumed for component 1
BK - volatility ratio calculated for component 1
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